INTRODUCTION
Articular cartilage (AC) disease and especially osteoarthrithis (OA) are debilitating conditions that are associated with huge social and economic burdens. To understand the factors involved in initiation and progression of OA, the mechanical state of the cartilage tissue must be first understood [1] . Biphasic and triphasic models developed b y M o w a n d c o w o r k e r s r e l a t e A C s t r u c t u r e w i t h i t s m e c h a n i c a l behavior and provided researchers with valuable models for AC biomechanics [2, 3] . Although much is known about AC and its mechanical properties, the zone of calcified cartilage (ZCC) has been sparsely studied. ZCC is very thin and highly interdigitated with subchondral bone (SB) which makes it very difficult to isolate for independent study [4] . It is well known that SB plays an important role in both initiation and/or progression of OA [5] , thus ZCC may also be an important player in the pathology of the disease [6] . A few studies have investigated mechanical properties of ZCC, but conflicting results have been published on ZCC permeability. Although ZCC has been mainly assumed to be impermeable [7] , recently Hwang et al. [8] suggested that ZCC may have even higher permeability than cartilage itself. We studied the effect of ZCC permeability on mechanical behavior of AC using a finite element (FE) model.
METHODS
In order to model fluid and solid phase interactions and fixed charge densities (FCD) present in AC, a biphasic swelling [2, 9, 10] model was developed with FE package ABAQUS ® (version 6.6). Biphasic swelling [9] is a simplified version of triphasic and quadriphasic [3, 11] models in which effect of FCD is represented as a swelling pressure. The axisymmetric model representing AC and ZCC ( Fig.1 ) was 10mm in radius and 1mm in thickness and consisted of 2336 4-node bilinear displacement-pore pressure elements. AC was 0.9mm and ZCC was 0.1mm thick. The bottom surface was modeled as either impermeable or fully permeable. Zero pore pressure was prescribed on all other boundaries so that fluid could freely flow in and out. The displacements of the nodes on the bottom plane were confined in all directions representing attachment to the subchondral bone. The solid collagen-proteoglycan (PG) matrix was modeled as a Neo-Hookean material [9] . Osmotic swelling pressure and chemical expansion stress (arising from repulsive forces between negative groups on PGs) were included for AC in a UMAT subroutine [3, 9] . AC material properties comparable to those found in the literature and strain-dependent permeability were assigned [3, 9] . For AC, initial FCD and initial permeability were set to 2×10 -4 mmol/mm 3 and 1.2×10 -3 mm 4 /Ns respectively. The solid phase of ZCC was modeled as a linear elastic material with Young's modulus and Poisson's ratio of 320 MPa and 0.4 [12] . Initial water content was set to 75% for AC and 20% for ZCC (equal to SB water content) [9, 13] . At the start of the simulation, the model was in equilibrium with a physiological salt solution of 1.5×10 -4 mmol/mm 3 . The role of ZCC permeability on mechanical behavior of AC was investigated. In three different scenarios, ZCC permeability was assumed to be 1 order of magnitude higher or lower than or equal to AC permeability. To model joint contact, a rigid impermeable spherical indenter with a radius of 20mm was placed on top of the AC [14] . The impermeable indenter was modeled using FLOW and URDFIL subroutines [15] . Creep response of the sample was investigated by applying a 1N ramp load to the indenter over 1 sec, and then holding it constant for 10000s.
RESULTS
We compared values and time history of mechanical field variables for different permeabilities of ZCC. In all simulations, changes in ZCC permeability did not affect mechanical field variable steady-state distributions including stress, strain and pore pressure, but large differences were observed during the first 4000 seconds of creep (the transient response). It has been proposed that SB permeability may be several orders of magnitudes higher than that of AC [8] , thus we modeled the lower edge of ZCC as permeable to explore the effect this would have on cartilage mechanics. In this case, the only effect was that equ ilib rium was reached faster, thu s o nly results fo r an impermeable lower edge of ZCC are shown here. Changes in dilatational strain and pore pressure with time for an element located at the tidemark, right under the center of indenter, are plotted in Figure 2 . At this point, the lower the permeability of ZCC, the longer high pore pressure persists in the element. As pore pressure decreases, dilatational component of strain in solid matrix becomes more negative with time. Distribution of dilatational strain in the matrix 50 seconds into the simulation is plotted in Figure 3 . As it can be seen, the highest compaction in tissue (negative dilatation) is located at tidemark of the model with higher permeability for ZCC. 
DISCUSSION
Chondrocyte activity is strongly dependent on the loading conditions in AC. Mechanical signals such as hydrostatic pressure, shear strain and tensile strain are sensed by chondrocytes and regulate several cellular responses including matrix and matrix protease production, proliferation, and secretion of growth factors [16] . Dilatational strain could also affect chondrocyte activity although in an indirect manner. Quinn et al. [17] proposed that tissue compaction and the subsequent decrease in pore sizes interferes with transport of macromolecules through matrix. Accumulation of cell products around the cell could negatively influence PG production [17] . Our results clearly demonstrate that changes in ZCC permeability change the loading conditions in AC. Thus without consistent data on the permeability of ZCC, the magnitude and time duration of abovementioned mechanical variables and their effects on cellular response will be unknown.
Conflicting results that have been published on ZCC permeability may be due to the fact that calcified cartilage is mechanically a low quality material and is very susceptible to crack formation [18] . Thus the increased permeability of ZCC could occur as a result of crack formation in this zone [1] . It has been proposed that perforations in ZCC could result in diminished fluid pressurization and subsequent abnormally high stresses which in turn may lead to damage initiation in the solid matrix of AC located near the region of defect [1] .This proposed damage initiation mechanism once again emphasizes the need for more accurate and consistent data on ZCC permeability. Finally, we hope the results of this study will motivate further research of ZCC, and shed more light on the biomechanical properties of this important and understudied tissue interface.
